A co m p arativ e stu d y has been m ad e of th e em bryology, an atom y and electrical reactions o f th e cochlea in th e norm al an d sh ak er-1 m ouse betw een th e ages of 9 hours a n d 329 days.
In 1910 van Lennep published a little-known account of the post-foetal development of the internal ear of the Japanese waltzing mouse (a form of M us bactrianus). He found th a t the pathological changes were confined to the cochlea and consisted of degeneration of Corti's organ and the stria vascularis, with later atrophy of the spiral ganglion. He further established th a t up to 5 days after birth the organ of hearing showed no morphological abnormalities, although a t this stage changes in the vessels of the stria vascularis could be recognized. Ten days after birth changes in the hair cells of Corti's organ appeared and were thereafter progressive with age. The normal post-foetal development of Corti's organ is in any case not completed until about the end of the second week, and these findings are thus in fair accordance with the observation by Yerkes (1907) of acoustic reactions in some of his waltzers for a limited period during the third week, although this was not confirmed by Gates (1926) .
Morphologically, at any rate, it would thus seem th a t the pathological sequence of events and the resulting deafness is enacted after birth and cannot therefore be regarded as congenital. on (symbol sh-1) was described by Lord and Gates (1929) . It resembles in many ways the waltzing mouse. Choreic head movements, from which it takes its name, and deafness are constant fea tures. Some animals also run in circles, though not so persistently nor in such narrow circles as the Japanese waltzing mouse. The choreic head movements are fully developed a t the age of 12-14 days, though some animals show them earlier. Young shakers, according to Lord and Gates, have a normal sense of hearing. Deafness develops rapidly within a few days, starting a t the age of 22-30 days. Shaker is fully recessive; heterozygotes are completely normal in their behaviour and retain the sense of hearing throughout life. The same applies to animals heterozygous for the gene of waltzing. A very unusual situation, however, arises in animals which are heterozygous for both shaking and waltzing (+ /s h -l; +/v) ; these, though they neither shake nor run in circles, have a tendency to become deaf from the age of about 3 months onwards. Thus, the two genes, though they are not allelomorphic to each other and are carried in different chromo somes, interact with each other in double heterozygotes. This remarkable fact seems to indicate th a t the mechanisms by which these two genes pro duce their effects, a t least so far as the inner ear is concerned, must be very similar. Under these circumstances a histological comparison of the cochlear changes seemed of interest. I t was also hoped th a t a correlation of such changes with alterations in the electrical response of the cochlea might help to elucidate the still obscure problem of the origin of th a t phenomenon.
A histological examination of the labyrinth of adult shaker mice (29-444 days old) has been made by Meng (1933) . He reports degeneration of Corti's organ from the age of 160 days onwards, followed later by de generation of the spiral ganglion. No changes were observed in the stria vascularis. Meng's findings thus do not account for the deafness in younger shakers and do not include the early stages before the deafness develops.
I t should be mentioned th a t there exists another kind of shaker m uta tion called shaker-2 (Dobrovolskaia-Zavadskaia 1928) which is genetically different from both shaker-1 and waltzer; in its behaviour, it is practically indistinguishable from shaker-1. No data on the structure of its labyrinth have so far been published.
Material
The shaker animals used for this study were derivatives of a stock homozygous for the three linked genes for shaker-1, extreme dilution (an allelomorph of albinism, symbol cd ) and pink-eyed diluti been built up for linkage studies by one of us (Griineberg 1936) . As normal controls we used throughout animals of the black agouti Pure Line Strong CBA (substrain Griineberg, 38th-39th generation of brother-sister mating). The hearing tests were of a rough kind. Mice with a normal sense of hearing respond by a twitching movement of their ears and to some extent of their whole bodies to a slight clicking sound produced by a pair of forceps. No such response can be elicited in the case of deaf animals.
The material is divided into two groups: Group I. In this group, a histological examination only was made of the internal ears of one shaker and one normal animal a t the following ages after b irth : 9 and 24 hr., 4, 6 and 12 days. Tests of hearing were not carried out in any of these animals.
Group I I . In this group, measurements of the electrical response of the cochlea with subsequent histological examination of the internal ear were carried out upon shaker and normal animals at the following ages: 38, 50, 117, 216, 221, 296 and 329 days. Hearing tests were carried out in every case.
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Technique

A. Histological
All material was fixed by intra vitam injection into the aorta of W itmaack's fluid, preceded by Ringer's fluid a t 37° C. A series of stainless steel hypodermic needles graded to fit the aorta a t varying stages of develop ment were used, and in all early post-foetal material it was found necessary to introduce the needle under a low power of the dissecting microscope.
Thereafter the heads were further fixed in W itm aack's fluid followed by hardening in 4% formaldehyde and embedded in celloiciin.
Sections of the whole head were finally cut in the horizontal plane at and stained with Ehrlich's haemotoxylin and eosin.
B. Electrical
Exposure of the tym panum was carried out under urethane anaesthesia, injected subcutaneously. The animal was immobilized upon a cork slab in the dorsal position by means of pins through the extremities. A mid line incision was then made from chin to sternum. The thyroid gland was removed and the carotid vessels ligated. The muscles and other deep tissues were then dissected down to the bulla and were widely separated by means of small metal retractors suitably shaped and controlled by screw mechanisms.
A small brass cannula was tied into the external auditory meatus and the bulla was then opened. The initial opening was made with a dental drill and was then enlarged by nibbling with small artery forceps. The round window lies quite superficially and was generally exposed quite easily. On a few occasions troublesome haemorrhage occurred from the stapedial artery in its upward course along the margin of the window.
For acoustic stimulation a pure tone beat-frequency oscillator was used, and the tones were led to the ear of the preparation via thick-walled rubber tubing.
The amplification system was of the conventional type with resistancecapacity coupling, a diffuse earthed electrode being located in the neck muscles and a grid electrode a t the round window.
The most suitable form for this recording electrode was found to be a fine gauge platinum wire with a ball-point (conveniently produced in any small arc gap). The size of the ball was arranged to have a radius of curva ture rather exceeding th a t of the round window membrane. Thus, after arranging the electrode in a manipulator a t right angles to the window it was then possible to screw the ball down into firm contact with its bony margins, and without any danger of rupturing its delicate membrane. In this way a firm and uniform contact was obtained.
The amplified potentials were measured directly upon the face of a cathode-ray oscillograph and their amplitude thereupon matched by sinusoidal potentials of identical frequency derived from the beat frequency oscillator and introduced into the input circuit via a calibrated potentio meter.
Measurement of the matching potentials introduced in this way was made by means of an A.C. voltmeter connected across the outer terminals of the potentiometer. (For further details of the sound generating and amplifying equipment used, reference may be made to an earlier publication (Hallpike and Rawdon-Smith 1934 a).)
As in an earlier series of similar measurements in the cat, these were again made for the maximum voltages obtainable at the following four fre quencies: 256, 512, 1024 and 2048 ~.
In addition, a comparison, expressed in decibels, was made of the sound intensities at the threshold of the electrical response as seen upon the tube face, with the audibility threshold of a normal hearing human subject. For this purpose, the sound tube was branched to bring the ears of observer and preparation into symmetry with respect to the sound source.
In making the measurements some trouble was encountered in main taining a good base-line a t high amplification. This was probably connected with the mode of fixing the head whereby small transm itted respiratory movements at the electrode contact point could not wholly be eliminated.
This difficulty is unlikely to have impaired materially the measurements of maximum response, except in the case of readings given as absent. Here a recognizable response might obviously have been obtainable with a better base-line.
In the case of the threshold measurements, however, the difficulty was more serious.
Immediately following the completion of the electrical investigation intra-vital fixation of the preparation was carried out in the manner already described.
R esults
Group
I, 9 hr.-12 days
At birth the differentiation of Corti's organ in the mammal is still in complete. Details of the course of this post-foetal development are given by Retzius who describes it as being complete in about 14 days in the rabbit and cat.
All of the present material was found to be well fixed, and has shown th a t development in the mouse appears to be complete by the 12th day. No differences could be observed in the structure of the scala media complex of normal and shaker animals a t any stage up to 12 days. Figures 1 and 2 show the organ of Corti in normal and shaker mice at the 12-day stage.
Group I I , 38-329 days A. Normal.
All the animals gave a normal hearing reaction (p. 156). All of the material examined was found to be well fixed, and no signi ficant variations in structure were encountered. Photographs of the cochlear structures found a t 50 days appear in figures 3-5, and may be taken as typical of all of the normal material examined.
B. Shakers.
Hearing reactions were absent in every case. All of the material was found to be well fixed. Pathological changes confined to the scale media complex were present in every case* and were * I n a prelim inary series o f anim als used for th e developm ent of th e histological technique one a d u lt shaker (age unknow n) did n o t show visible changes in C orti's organ. I t is th u s possible th a t th e pathological processes in th a t organ are n o t of in v ariable occurrence, alth o u g h no sim ilar exception w as otherw ise encountered in the p resent w ork. studied chiefly in sections lying about the mid-modiolar plane. In such sections three half-turns of the cochlear spiral appear and will be referred to as the apical, middle and basal half-turns.
The following components of the cochlear duct were considered in d etail:
(1) Corti's organ.
(2) The spiral ganglion.
(3) The stria vascularis.
(4) Reissner's membrane. (5) The tectorial membrane.
(1) Corti's organ. Three stages of degeneration were recognizable. In the first, degeneration had occurred of some but not all of the outer hair cells with disappearance of the nuclei of the affected cells.
In the second stage, there was complete degeneration of all the outer hair cells with disappearance of their nuclei, while in the third stage Corti's rods had disappeared and Corti's organ was reduced to a small and compact hillock of undifferentiated cells.
(2) The spiral ganglion. Changes in density of the ganglionic tissue were well marked. Three stages of such variation were recognized. In the first of these stages there was a just perceptible thinning of the ganglion cells. In the second, this thinning was of a grosser character, and the total bulk of the remaining ganglion cells was judged to approximate very roughly to 50 % of the available space in Rosenthal's canal. In the third stage an extreme degree of thinning had occurred and the ganglionic tissue was now reduced to a few scattered remnants.
These judgements were made by inspection of low-power views of the affected cochlea and by immediate comparison with similar views in normal members of the same age groups. Methods of greater precision such as counting of the ganglion cells were not employed.
Changes in the individual ganglion cells were much less readily dis cernible and not at all until the 50-day stage. Normally the ganglionic mass shows a characteristic dovetailed pattern which is achieved by a moulding of the cells at the expense of their cytoplasm. The nuclei are invariably well rounded with well defined chromatin granules and nuclear membrane. The first visible change occurred in some but not all of the shakers of the 50-day age group and consisted of a shrinkage of the cytoplasm resulting in a loss of the dovetailed appearance of the cells and a more open appear ance of the cell mass.
In addition, certain nuclear changes could be made out. The nuclei, while retaining their staining characteristics, showed irregularities of shape, angular and kidney forms being the commonest (figures 6 and 7). Similar changes were present in all subsequent age groups and showed a generally progressive character with age.
In later stages both nucleus and the remnants of the cytoplasm tended to lose their staining reactions and disintegrate, resulting in irregular ghost forms.
The character of these changes and its bearing upon the further question of their mode of origin will be discussed later in greater detail.
( 3) The stria vascularis. This was examined for changes in histologica structure and secondly for changes in bulk.
(a) Changes in histological structure. Details of the normal structure of the stria are of interest inasmuch as thereon is based much th a t has been inferred concerning its function as the secretory source of the endolymph. In the mouse it consists of a layer of cells some 25/^ in thickness, of which the superficial cells are closely set with their nuclei near the surface and with irregular tapering processes of cytoplasm on their deep aspect. Deeper still there are other polyhedral epithelial cells haphazardly arranged with similar irregular processes of cytoplasm. The cell outlines are typically very ill-defined and irregular and this is in p art responsible for the very characteristic fibrillated appearance of the stria in the mouse. Scattered about in the cells are numerous yellowish brown pigment granules, some of which in the immature stria are described by Kolmer (1927) as giving staining reactions for glycogen.
A further im portant feature of the stria is its rich vascular supply. In a radial section of the stria numerous small vessels are seen, generally in cross section, of which some are typical thin-walled capillaries. Others, however, have thicker walls of more arteriolar type and are described by EckertMobius (1926) as pre-capillaries.
W hether the endolymph makes its way between the surface epithelial cells of the stria or whether, as Shambaugh (1932) has suggested, it escapes lower down between the cells lining the external spiral sulcus has not yet been established.
The structural features of the stria vascularis as they appear in the normal mouse are shown in figure 5.
Inspection of a high power view of the normal stria shows th at a per centage of the total area, which obviously exceeds 50 and is probably about 70, is occupied by the fibrillated cytoplasmic material described.
In the present shaker material a type of degeneration could be dis tinguished, consisting of a loss of this cytoplasm with a relative increase of the nuclei and vascular spaces.
Three stages of this degeneration were recognizable. In the first, the cytoplasmic content of the stria showed a just appreciable reduction. In the second, the reduction of the cytoplasm was more extreme, and its total area was judged to approximate very roughly to 50 % of the total area of the stria. In the third stage, the cytoplasm was practically non-existent and the stria consisted of a few nuclei and vascular spaces tightly enclosed by the nuclei of the superficial and basal cell layers.
As in the case of the density changes in the spiral ganglion, the changes in the cytoplasmic content of the stria vascularis were assessed by inspec tion and no exact measurements were made.
(/?) Changes in bulk. These were computed by measuring the area of the stria in a radial section of the basal half-turn of the cochlea. This was done by making a pencil tracing of the outline of the stria from a camera lucida projection at known magnification upon paper of a convenient and known mass per unit area. These tracings were then cut out with scissors and weighed. After correction for magnification, the resulting areas were expressed in p 2. Owing to variations in the pitch of the cochlear spiral towards the apex, similar measurements of the stria for the middle and apical half turns were found to be untrustw orthy.
(4) and (5).
Reissner's and the tectorial membranes. No changes were o served in these structures in any of the present material.
The vestibular apparatus. No changes were apparent in the cristae of the semicircular canals or of the maculae. Scarpa's ganglion appeared normal in density and cell structure.
Mode of presentation of results in Group I I
The degree and distribution of the degenerative changes encountered in Corti's organ, the spiral ganglion and in the stria vascularis have been pre sented in tabular form. The numbers 1, 2, 3, which appear in the tables, refer to the 1st, 2nd and 3rd degrees of degeneration described, and the column headings, A, M, B, denote the apical, middle and basal half-turns of the cochlea. The area of the stria in the basal half-turn is expressed in The maximum voltages of the cochlear response are expressed in microvolts (peak) under the frequency headings 256, 512, 1024 and 2048 ~ .
The threshold of the cochlear response is expressed in decibels above the normal human subjective threshold, the comparison being made in the manner already described (p. 157). No precise measurements were made above 60 db.; and thresholds above this level are tabulated as >60 db. Observations on the internal ear of the Photomicrographs of the cochlea of the shaker a t 38, 117 and 216 days appear in figures 8-16. The following conclusions are derived from the tables. This comparison shows th a t the form of the frequency-maximum voltage curve is much the same in both species.
Both have a peak a t 1024 ~ which is slightly less pronounced in the mouse.
The voltage values in the mouse were found to be approximately 20-25 % of those obtained in the cat.
Threshold of cochlear response. Davis and his collaborators (Stevens, Davis and Lurie 1936) have made considerable use of the so-called threshold of the cochlear response under suitable conditions of electrical recording, and have found th a t it corresponds closely with the normal subjective human threshold. In a later review (Stevens and Davis 1938, p. 313 ) they recognize th a t this " threshold" is essentially a function of the resolving power of the electrical system in use. Assigning to this a probable value of 1 /TV, it may thus be said th a t the 1 /TV level of the response corresponds in the cat to the minimum audibility curve in man.
In the mouse the threshold, according to the present measurements, lies some 40-55 db. higher. In p art a t least this must be due to the loss of resolution of the electrical system due to the technical conditions already described (pp. 157-8). Threshold values showed no recognizable correspondence with maximum voltage responses.
T a b l e 2 . S h a k e r s
Degenerative changes were present in every case in Corti's organ, the spiral ganglion, and the stria vascularis.
Corti's organ. There is a progressive degeneration with age. On the whole the basal half-turn is affected earliest and most severely.
Spiral ganglion. No gross changes are visible until the 117-day stage although, as described, finer changes in the nuclei can be distinguished in some members of the 50-day group. Thereafter the changes are progressive with age with some accentuation in the basal half-turn.
Stria vascularis. Degenerative changes are present in every case, and are progressive with age. The figures indicate an increase of the de generative process towards the apex.
The area of the stria vascularis. This varied between 3196 and 5000 with an average value of 4077p 2. There is no definite diminution with age.
Maximum voltage of cochlear response. The response was absent or grossly reduced in all cases. Certain correlations are of in terest:
(1) There is in general a falling off of the maximum voltage of response with age, corresponding, th a t is to say, with the degeneration of the stria vascularis and of Corti's organ. Striking exceptions are the first two ani mals, 332 and 333, in which an absent response occurred with relatively slight morphological changes.
(2) The higher frequencies show a selective reduction. There was no response at 2048 ~ throughout the series and a small response at 1024 ~ in a single instance. This is correlated with the accentuation of the degenerative changes of Corti's organ in the basal half-turn of the cochlea.
Comment upon these correlations will be made later.
The threshold of the cochlear response. This is grossly reduced throughout, but shows in general a quite close correspondence with the results of the maximum voltage measurements.
D iscussion
The questions arising from the foregoing data may be considered under two headings-pathological and electrophysiological.
(1) Pathological
In the first place the present findings correspond closely with those described by van Lennep in the case of the Japanese waltzing mouse inasmuch as in both species the morbid anatomical process in the organ of hearing is enacted after birth .
In the absence, therefore, of any morphological abnormalities at birth it is impossible to regard the condition as congenital.
In one particular the present findings differ from those of van Lennep in th a t no changes are recognizable in either the stria vascularis or in the cells of Corti's organ 12 days after birth, a t which stage the process of de velopment appears to be complete.
I t thus follows th a t the degenerative process in the shaker is initiated in a fully differentiated organ.
The similarity in the cochlear pathology thus revealed in these two m utants leads to a partial understanding of the remarkable interaction between the genes for waltzing and shaking which has been shown to occur in the double heterozygotes, and it is regretted th a t it has been impossible to proceed with an investigation which had been planned of the cochlear structure in these animals.
Adopting the familiar view point of Streeter, which he applies to a number of other inherited malformations, we may now say th a t what is inherited in the shaker mouse is a localized organ weakness. The embryological history of such an organ would depend, it seems, upon the extent of this weakness and upon the nature and time of incidence of various un favourable circumstances of environment. Thus a given combination of these factors may bring about an early arrest of development resulting in a congenital anatomical defect. At the other end of the scale appear various degenerative processes of the retina and different parts of the central nervous system which occur later in life. Granted in the present material the action of some unknown factor of environment in precipitating the process of degeneration, the establishment of its time relations does appear to be of interest in indicating in a very general way the direction towards which further search for such a factor might usefully be directed.
In other words, the initiation of the degeneration is concerned with one or more of the mechanical and biochemical changes which normally occur at or soon after the time of birth.
No comparison, between deafness in the shaker-1 mouse and inherited deafness in man is possible on account of the scantiness of the data at present available on the developmental course of the cochlear changes in the latter. Nevertheless, the numerous histological examinations of the labyrinth in later life made by Scheibe (1891), Goerke (1906) and others clearly establish the fact th a t the disorder is an affection of the scala media with gross abnormalities of the stria vascularis and of Corti's organ, findings which also apply closely to the inherited deafness of white bull terriers (Fraser 1924 ) and white cats (Alexander and Tandler 1905) .
Thus it seems highly probable th a t the disorder in these species is of a type similar to th a t now disclosed in the shaker mouse, although there may well prove to be differences in the time of incidence and severity of the morbid anatomical changes.
Information of some importance appears to be provided by a considera tion of the details of the pathological changes now described in the shaker mouse.
The changes first appear together in Corti's organ and in the stria vascularis. Those in the ganglion cells follow. It may be noted at this point th a t Meng (1933) , in the only account at present available of the cochlear structure of the shaker, found changes in Corti's organ only and describes the stria vascularis as normal. In our own material the abnormalities of the stria are beyond question and an inspection of Meng's published photo micrographs makes it probable th a t his failure to demonstrate the changes in question may be attributed to unavoidable deficiencies of technique.
The parallel association in our material of the changes in the stria and Corti's organ is im portant as an illustration of the functional relationship between these structures. From the absence of capillaries in Corti's organ and the gland-like structure of the stria it has been inferred for some time th at the metabolic processes of the former are carried on through the medium of the endolymph, a fluid which is thought to be secreted by the latter. This view has gained im portant support from Guild's demonstration (1927) of a flow of endolymph from the scala media to the saccus endolymphaticus via the saccule, and is clearly supported by the finding in the present material th a t the changes in Corti's organ and in the stria vascularis are so closely coincident.
It seems reasonable to infer from the comparatively delayed onset of the changes in the cells of the spiral ganglion th a t these are secondary to the changes in the peripheral fibres in Corti's organ, an im portant conclusion since it disposes of an alternative possibility th a t the changes in the cochlear duct and in the ganglion are all part of a single degenerative process affecting in equal measure all parts of the peripheral organ of hearing.
A question which naturally arises a t this point is why degeneration of the ganglion cells should in any case be expected to follow degeneration of Corti's organ, and to this it would seem th a t a likely answer can be provided from what is now known concerning the behaviour of the ganglion cells following interference with their central processes.
W itmaack (1911), K aida (1931), and, more recently, Hallpike and Rawdon-Smith (1934 b) have shown th a t contrary to W aller's law section of the V IH th nerve at the internal auditory meatus is followed by severe degeneration of the peripheral cochlear neurones, although in accordance with the law the cells of Scarpa's ganglion, after showing transient changes, persist unaltered. Similar findings have been reported by Crowe (1929) and by Gray and de Kleijn (1932) as a result of pressure upon the V IH th nerve by tum ours; and by Mellanby (1938) following compression and stretching of the nerve by the masses of new bone which occur in vitamin A deprivation. This atypical behaviour of the spiral ganglion cells is best explained on the supposition th a t it reflects an extreme sensitivity of the cells to inter ference with their central axons; the transient changes which are classically described as occurring in cell bodies following section of their axons being consequently of unusual severity and therefore irreversible. Upon this basis it would thus appear reasonable to expect a similar degeneration following injury or disease of their peripheral processes in Corti's organ, as revealed in the present material.
Collateral evidence in favour of this conclusion is provided by the fact th a t degenerative changes of the ganglion cells follow the destruction of Corti's organ by acoustic traum a, changes which are regarded by Yoshii (1909) and Hoessli (1912) as being secondary to the injury of the peripheral organ and its associated nerve fibres.
W ith regard finally to the details of the cell changes it is true th a t the cytoplasmic dissolution and the changes of shape of the nucleus are not in accordance with the classical picture of secondary degeneration of nerve cells, namely peripheral displacement of the nucleus and chromatin material. Nevertheless it seems unjustifiable, as Mellanby (1934) has pointed out, to anticipate th a t such findings derived from artificial lesions of the neurones would be generally applicable to pathological conditions in which the nature and mode of application of the injurious agent is likely to be very different.
The absence of visible changes in the vascular supply of the internal ear and in particular of the stria vascularis contra-indicate the likelihood Grilneberg, IIallpike and Proc. Roy. Soc. B, vol. 129 F igure 6 Figure 7 F ig u r e s 6 and 7. Spiral ganglion of norm al m ouse (6) and shaker (7). x 740. Age 117 days. Showing th e character of th e degenerative changes in th e latter.
(Facing p . 1(58) Grilneberg, H allpike and Ledoux Proc. Roy. Soc. B, vol. 129 , plate 9 Proc. Roy. Soc. B, 129, 10 Figure 8 th at the degenerative processes described are primarily of vascular origin. Similarly, the demonstration of normal conditions in the subarachnoid space and in the internal ear around the opening of the cochlear aqueduct render improbable the invasion of the labyrinth by some meningogenic toxin by way of this aqueduct. The absence of demonstrable changes in the vestibular end organs makes it likely th a t the characteristic shaking movements are of central origin. This would accord well with the demon stration by Zimmermann (1935) of changes in the corpus striatum of the shaker.
Observations on the internal ear of the -1 mouse 169 (2) Electrophysiological
No decisive solution to the problem of origin of the electrical response to sound of the mammalian cochlea has yet been provided.
Two hypotheses a t present hold the field, namely the " Hair-cell th eo ry " of Davis and his collaborators (1934) and the " Membrane th eo ry " of Hallpike and Rawdon-Smith (1934) .
The evidence for and against these two hypotheses has been reviewed by Stevens and Davis, Hallpike, and by Hallpike and Rawdon-Smith, and will not be reproduced here.
According to the " Hair-cell" theory the response arises in the manner of a piezo-electric effect from the hair cells of Corti's organ, while Hallpike and Rawdon-Smith have supposed th a t it arises from the movements of some polarized membrane within the cochlea. They suggested in particular the membrane of Reissner separating the endolymph canal of the cochlea from the perilymph scala.
According to the original terms of the membrane theory the supposed polarization of Reissner's membrane was thought to depend upon a dif ference in the ionic concentrations of th0 endolymph and the perilymph, a difference which was in turn made dependent upon the known difference in the modes of origin of these two fluids.
This view now appears to be contra-indicated by the recent experiments of Walzl (1939) who found th a t the electric response was comparatively insensitive to changes in the ionic composition of the perilymph.
In the face of this evidence, however, it still seems clear th a t its accept ance would not exclude the membrane hypothesis inasmuch as the polariza tion 'mechanism might well be integral in the membrane itself.
As Retzius has described, the membrane is composed of a double layer of cells, ectodermal on its endolymphatic and mesodermal on its peri lymphatic aspects. Such a membrane might well display an electrical Vol. 129 B. 12 asymmetry such as described by Du Bois Reymond and others in the case of intact frog's skin, and one moreover which would be relatively inde pendent of the ionic composition of the surrounding fluids. W hether the polarization of Reissner's membrane were dependent upon the preservation of a particular ionic composition of the endolymph or upon the electrical asymmetry of the membrane itself, it seems clear th at the maintenance would in either case be required of an unimpaired secre tion of the endolymph. In the first case, obviously, in order to maintain the required composition of the endolymph and in the second case in order to keep the membrane alive, since, as now seems likely, the vital processes of this structure as of Corti's organ are equally subserved through the medium of the endolymph. Thus the membrane hypothesis must in either case continue to depend upon the functional integrity of the stria vascularis.
The present investigation has shown a progressive loss with age of the cochlear response. Since, however, the concomitant degenerations of both stria vascularis and of Corti's organ pursue strictly parallel courses, it follows th a t the results are indecisive as to the relative merits of the mem brane and hair-cell hypotheses.
Certain anomalous results were obtained in two animals at the earliest stage of 38 days. In these, absence of electrical response was correlated with relatively trifling changes in Corti's organ, results which were strikingly reminiscent of a number of earlier findings in the cat (Hallpike and Rawdon-Smith 19346; Ashcroft, Hallpike and Rawdon-Smith 1937) in which a morphologically intact cochlear duct was found associated with absence or gross reduction of the electrical response.
On morphological grounds alone such a result would seem contrary to both hair-cell and membrane hypotheses. At any rate the former, since it is likely th a t functional changes in the highly differentiated structure of Corti's organ would be more prone to reflection in recognizable histological changes than in the case of the less delicate and differentiated cell structure of Reissner's membrane and of the stria vascularis. On such grounds the findings in question have been considered as being particularly opposed to the hair-cell hypothesis, a view which can still with reason be maintained.
In a more general sense, however, the findings certainly emphasize the somewhat indirect and a t times histologically inscrutable nature of the re lationship between microscopic structure and the electrical response, and it seems conceivable th a t the tem porary absence of the latter at the 38-day stage of our shaker material, th a t is to say at a time coincident with the onset of the degenerative changes, is indicative of some acute but transient disturbance of cochlear metabolism which occurs at this critical period in the absence of any recognizable morphological changes. However, pending the experimental confirmation of these findings farther speculation would clearly appear to be unjustifiable.
One other finding of considerable interest has been the correlation be tween the distribution within the cochlea of the degeneration of Corti's organ and the frequency distribution of the changes in the electrical response.
Thus there is a well-marked selective loss of the response at the higher frequencies associated with an accentuation of the degenerative changes in the hair cells of the basal half turn of the cochlea. This appears to be in striking accordance with results obtained by Stevens, Davis and Lurie (1936) in which localized lesions of Corti's organ were found to result in losses of the electrical response having a frequency pattern conforming with the classical resonance hypothesis, results which were considered to lend particularly strong support to the hair-cell theory. An alternative interpretation must, however, be considered. As described by Davis et a l . (1934) and since confirmed (Hallpike 1938) , the polarity of the electrical response at the round window with reference to an indifferent electrode farther removed from the cochlea depends upon the phase of the sound stimulus, a positive sound pressure giving a negative electrical re sponse and vice versa. In addition, Davis has described a neural com ponent of the electrical response recordable from the round window which is particularly marked at low frequencies but negligible above 800 ~ . These findings have been confirmed by Haw'kins and Rawdon-Smith (1939) , and our own observations show th a t the phase relationship of this neural com ponent to the cochlear response is usually such as to reduce its amplitude. Thus the abolition of this neural element would lead to a relative enhance ment of the cochlear response at low frequencies and the end result of a progressive reduction of the cochlear response would then be its selective retention at these frequencies. Such an abolition of the neural component in the present material would necessarily result from the degenerative changes found in the cells of the spiral ganglion at the 50-day and subse quent stages; in addition the changes in Corti's organ would, of course, eliminate the neural response at its source. In this way it would therefore seem possible to explain the present finding of a selective retention of apical hair cells and low frequency electrical response without postulating a localized origin of the cochlear response from the hair cells.
12-2
Conclusions
Histological examination of the post-foetal development of the internal ear in normal and shaker mice was carried out a t periods between 9 hr. and 12 days after birth.
The normal process of post-foetal development appeared to pursue an identical course in both varieties and to be completed in 12 days.
Tests of hearing, measurements of the electrical response of the cochlea and histological examination of the internal ear were carried out in normal and shaker mice a t ages between 38 and 329 days. In all the shaker material deafness was found to be correlated with pathological changes confined to the scala media complex and gross reductions of the electrical response. The changes first appear in the stria vascularis and Corti's organ and are progressive with age. Those in the spiral ganglion appear later.
The degenerative process is thus shown to be initiated after birth in a fully differentiated organ, and comparison is made with similar results ob tained by van Lennep in the Japanese waltzing mouse.
The parallel courses of the loss of the electrical response and of the de generative changes in the stria vascularis and in Corti's organ render the results indecisive with regard to the relative merits of the " mem brane" and " hair-cell" theories of origin of the response.
A selective loss of the response was found to occur a t high frequencies and is correlated with some accentuation of the degenerative changes in Corti's organ a t the base of the cochlea. The resemblance of this to similar results obtained by Stevens, Davis and Lurie in the guinea pig under different experimental conditions is discussed, and the results are not considered to constitute a decisive contradiction of the membrane hypothesis.
No morphological abnormalities were found in the vestibular apparatus of the internal ear. I t is therefore supposed th a t the abnormal head move ments are of extra-labyrinthine origin.
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